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Abstract
Loose beds of hollow fly ash particles (cenospheres) were pressure infiltrated with A356 alloy melt to fabricate metal-matrix syntactic
foam, using applied pressure up to 275 kPa. The volume fractions of cenospheres in the composites were in the range of 20–65%. The
processing variables included melt temperature, gas pressure and particles size of fly ash. The effect of these processing variables on the
microstructure and compressive properties of the synthesized composites is characterized. Compressive tests performed on these metal-
matrix composites containing different volume fractions of hollow fly ash particles showed that their yield stress, Young’s modulus, and
plateau stress increase with an increase in the density. Variations in the compressive properties of the composites in the present study were
compared with other foam materials.
q 2005 Elsevier Ltd. All rights reserved.
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The pressure infiltration technique is capable of
synthesizing Metal-Matrix Composite (MMC) with high
volume fraction and uniform distribution of the particles in
the matrix [1]. Other techniques such as stir mixing can
synthesize MMCs having only up to 30% particles by
volume and are at a disadvantage compared to the pressure
infiltration technique. The pressure infiltration technique is
used for the fabrication of MMCs containing fibrous or
particulate reinforcement [2–5]. Recently, hollow spherical
particles, composed of carbon, glass, alumina and other
materials, have been incorporated in metallic and polymeric
matrices to make syntactic foam composites [6–10]. Since,
the hollow particles have lower density than the matrix, the
density of the resulting composite is lower then that of1359-835X/$ - see front matter q 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.compositesa.2005.05.047
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lightweight and stiff components. The ceramic particle
filled syntactic foams have excellent thermal insulation
properties and low thermal expansion coefficient due to a
significant volume fraction of ceramic phase in the structure.
Syntactic foams are attractive materials for energy absorb-
ing applications due to their large compressive strains. In
addition, these foam materials are likely to possess unique
properties such as high energy damping capacity [11].
In this study, syntactic foams are fabricated by infiltrating
loose beds of hollow fly ash particles, called cenospheres,
with A356 alloy melt. Cenospheres are classified based on
their size and density to obtain appropriate properties in
resulting composites. Some studies on the synthesis of
cenosphere filled syntactic foams can be found published in
the literature. A variety of matrix materials are used in such
composites including metals and polymers. However, a
comprehensive investigation of the effect of various
processing parameters on the microstructures and compres-
sive properties of syntactic foams is necessary in view of their
increasing demand in the present times.
The processing parameters that were varied in this study
are applied gas pressure, temperature, cenosphere volumeComposites: Part A 37 (2006) 430–437www.elsevier.com/locate/compositesa
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out for specimens fabricated under each condition to
characterize the compression properties, including the
0.2% yield stress, plateau stress, and compressive strength.
The compressive properties of the composites are related to
various processing and material parameters.2. Materials and experimental procedures2.1. Materials
A356 is a cast aluminum alloy that has Si 7.0%, Fe 0.2%
Cu 0.2%, Mg 0.35% and Mn 0.10% by weight. This alloy
has good weldability, corrosion resistance and resistance to
hot cracking and solidification shrinkage [12].
The fly ash particles are alumino-silicate based ceramic
particles, which can be either solid or hollow. The hollow fly
ash particles are called cenospheres and are separated from
solid particles by using flotation methods. These particles
used as fillers in the present work have the major chemical
constituents as given in Table 1. The hollow particles of
different sizes may have the same density because of a
difference in their wall thickness. The true particle density of
fly ash cenospheres used in the present experiments is around
700 kg/m3, measured by the gas expansion method, the wall
thickness varies over a range of 4–12 mm and diameters vary
from 45 to 250 mm. The density of the ceramic material
forming cenospheres is around 2650 kg/m3. However, the
lower density of cenospheres is due to the presence of a
cavity within these particles.2.2. Specimen preparation through the pressure
infiltration process
The fly ash cenospheres are separated into four groups
based on their diameter using a set of sieves. These size
groups are 45–75, 75–106, 106–150, and 150–250 mm. To
make composites having high volume fraction of particles
(O57%), fly ash is loosely packed into a borosilicate glass
tubes coated with a ceramic layer of ZrO2 to prevent
reaction with molten A356 alloy and gently tapped for
5 min. Each tube was 230 mm long with an outer diameter
of 18 mm and an internal diameter of 16 mm. To fabricate
lower fly ash volume fraction (!35%) composites a
mixture of fly ash and A356 alloy powder was prepared
taking their appropriate volume fractions and filled into the
hollow tubes. Tubes containing fly ash or fly ash-A356Table 1
Typical chemical composition of fly ash in weight percent
Al2O3 SiO2 CaO Fe2O3 MgO K
15–30 30–70 1–5 10–20 0–2 1–
a LOI, loss of ignition.powder mixture were placed into an oven at 250 8C for 1 h
for drying.
The pressure infiltration equipment used in fabricating the
composites is shown in Fig. 1. This equipment consists of a
stainless steel chamber, which contains a resistance heater.
Inside the chamber is a graphite coated crucible that rests on a
refractory base. A356 alloys is placed in this crucible and
melted; the temperature of the melt is raised to either 720 or
800 8C as per the desired processing conditions. The
preheated borosilicate tubes containing packed cenospheres
are attached to the heater lid through a Swaglock compression
fitting, and the lid is placed onto the heater. The lid is then
held in place through a customized locking system. Once the
system is sealed, the pressure is applied to the chamber using
nitrogen gas to achieve a pre-decided value and maintained at
that level for 2 min. The pressure causes the molten alloy to
rise into the cenosphere filled glass tube. Two minutes was
considered sufficient time for the liquid alloy to infiltrate the
interstitial spaces between cenospheres and form the
composite. At the end of the process the pressure is released
and the composite is removed.
Nine types of composites were fabricated using a
combination of different cenosphere sizes, volume fractions,
infiltration pressures and processing temperatures as per the
details presented in Table 2. In addition, the base alloy A356
was cast without reinforcements to obtain properties of the
matrix alloy.
The bottom 50 mm was removed from all cast syntactic
MMCs because these portions of the tube extends below the
surface of the A356 melts in the crucible. The top portion of
some MMCs was also cut because they exhibit incomplete
filling due to freeze choking of the melt coming in contact
with fly ash cenospheres which are at a comparatively lower
temperature. Specimens were sectioned from the remaining
portions using Enco water cooled cutoff wheel and were
used for microstructural analysis and measuring the density,
the hardness, and the compressive strength.
2.3. Compression test
To evaluate the influence of cenosphere particles on the
compressive properties of the composites, the 0.2% yield
stress, the plateau stress, and the compressive strength were
measured in accordance with standard ASTM E 9-89A.
Specimens having height/diameter ratio (aspect ratio) of
two were cut and their ends were turned to ensure the
parallelism. The specimens were then compressed in a
computer controlled Universal Static Compression Tester at
the crosshead speed of 1.3 mm/min. The load–displacement2O Na2O TiO2 SO3 LOI
a
5 0–2 0–2 0–2 0–10
Fig. 1. Pressure infiltration experimental set-up.
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strain curves.
2.4. Microstructure observation
Metallographic specimens are taken from the top, the
middle, and the bottom of all infiltrated MMCs. The infiltrated
specimens were cut transverse to the direction of infiltration at
these locations. Standard polishing procedures are followed
using SiC grinding papers to 600 grit. Final polishing is
carried out on a micropolishing cloth with a 0.05 mm SiO2Table 2
Details of various synthesized composites with their densities and void content
Composite
no.
Fly ash
size (mm)
Volume
fraction (%)
Melt
temperature (8C)
1 75–106 65 720
2 106–150 65 720
3 150–250 65 720
4 150–250 57 800
5 150–250 57 800
6 150–250 57 800
7 150–250 35 800
8 150–250 25 800
9 150–250 20 800
10 A356 0 800
a Calculated using rule of mixtures.slurry. Specimens are then polished to observe the micro-
structures using optical microscope (Olympus/BH2-UMA)
and Scanning electron microscope (SEM).3. Results
3.1. Microstructure analysis and void content measurement
The microstructure of the fabricated specimens contains
porosity in two forms. The first form of porosity has closePressure
(kPa)
Measured
density (kg/m3)
Calculated
density (kg/m3)a
Void
content %
205 1250 1379 9.3
205 1270 1379 7.9
205 1300 1379 5.7
140 1410 1534 8.1
205 1430 1534 6.8
275 1470 1534 4.2
275 1900 1961 3.1
275 2100 2155 2.6
275 2180 2252 3.2
70 2640 – –
Fig. 3. Microstructure of A356–fly ash cenospheres syntactic foam,
infiltrated at an applied pressure of 205 kPa with cenospheres size and
volume fraction of 106–150 mm and 65%, respectively.
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spheres. This form of porosity has been deliberately
introduced in the composite to produce a lightweight
material. The second form of porosity is due to the
incomplete infiltration that results from the low applied
infiltration pressures employed here. This second form of
porosity is not deliberately introduced, and hence a priori
undesirable. We call in what follows this second form of
porosity ‘void content’, and designate corresponding pores
as ‘voids’. The difference between theoretical and measured
densities of the composites is used for the calculation of
void content (Vv) in the composite as per Eq. (1) [13]
Vv Z
rct Krce
rct
(1)
where rct and rce are theoretical and measured density
values of the fabricated composites. The theoretical
densities of composites were calculated using Rule of
Mixtures. The measured and theoretically calculated
densities of all types of composites synthesized in this
study are given in Table 2. The experimentally measured
density of A356 alloy is also presented in Table 2, which is
used in the Rule of Mixtures to calculate theoretical
densities of composites.
The first composite is fabricated by infiltrating a bed of
75–106 mm size cenospheres at a pressure of 205 kPa at
720 8C. The microstructure of a specimen taken from this
composite is shown in Fig. 2. It is observed that most of the
cenospheres are uniformly distributed in the matrix. Some
areas of incomplete infiltration (indicated by arrows),
leading to voids, can be observed in the structure. Such
regions are related to high capillary resistance near
interparticle contact regions. Other researchers have also
observed pores present near interparticle contact regions in
many different MMC systems [14,15]. The values in Table 2
show that the first composite has 9.3% void content by
volume and suggest that an applied pressure of 205 kPa at
720 8C is not high enough to infiltrate all interparticle spacesFig. 2. Microstructure of A356–fly ash cenospheres syntactic foam,
infiltrated at an applied pressure of 205 kPa with cenospheres size and
volume fraction of 75–106 mm and 65%, respectively.in 75–106 mm size cenospheres. Hence, larger size ceno-
spheres, 106–150 mm, with the same infiltration pressure
and melt temperature are used in the second composite.
The microstructure of the second type of syntactic
composites is shown in Fig. 3. This composite is found to
have 7.9% voids by volume, which is 1.4% lower than the
previous composite having smaller size cenospheres. The
interparticle spacing increases with the increase in particle
size, when all other variables are kept unchanged. An
increase in the interparticle spacing reduces the capillary
resistance and results in lower porosity at the same
infiltration pressure. This trend is confirmed when the
third composite with 150–250 mm size particles is fabricated
under the same processing conditions. The void content in
these samples is calculated to be around 5.7% by volume as
shown in Table 2, which is lower than the first two
composites that have smaller size cenospheres.
To investigate the effect of infiltration pressure on the
void content, composites 4–6 were fabricated using 150–
250 mm size cenospheres, particle volume fraction of 57%
and increased melt temperature of 800 8C while the pressure
is varied from 140 to 275 kPa. Table 2 shows that as the
pressure is increased from 140 to 205 and to 275 kPa the
void content decreases from 8.1 to 6.8 and to 4.2%,
respectively. The microstructure of a specimen of type 6
composite is shown in Fig. 4, where voids between
cenospheres are marked by arrows. The pressure was not
increased further in this study because cenosphere fracture
may take place at higher pressures. Some dark colored arcs
visible in the lower part of the microstructure in Fig. 4
appear to be the broken cenospheres infiltrated by the melt.
Under the present infiltration conditions the damage to
microballoons does not seem to be substantial but any
further increase in the infiltration pressure may lead to
higher volume fraction of fractured cenospheres, which is
undesirable.
It can be seen from Figs. 2–4 that the pores are generally
present at interparticle contact regions, where a high applied
pressure is required for the melt to infiltrate. The melt flow
Fig. 4. Microstructure of A356–fly ash cenospheres syntactic foam,
infiltrated at an applied pressure of 275 kPa with cenospheres size and
volume fraction of 150–250 mm and 57%, respectively.
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to a lower viscosity of the melt, thereby resulting in a higher
density of the composite and a lower void content.
In composites 7–9, A356 powder and fly ash cenospheres
with particle size range of 150–250 mm were mixed prior to
infiltration to maintain lower cenosphere volume fractions,
35, 25 and 20%, in the fabricated syntactic foams. These
composites are infiltrated at 275 kPa pressure and 800 8C
temperature. It can be noted from Table 2 that the void
content for these composites is around 3% by volume,
which is lower than all of the previous composites. The
approach of mixing A356 powder with cenospheres, which
melts during the infiltration process, may be a factor in the
reduced porosity apart from having low capillary resistance
due to the low cenosphere volume fraction.403.2. Compressive properties
Compressive properties of the synthesized MMCs can be
understood by studying the stress–strain curves. Table 3
shows the 0.2% yield strengths and Young’s moduli for all
types of composites synthesized in this study. Fig. 5 shows
the stress–strain curve for the A356 matrix alloy and for the
composites types 7–9. It is shown that as the volume fraction
of the particles increases from 20 to 35%, the correspondingTable 3
Measured compressive properties of syntactic composites and matrix alloy
Composite no. Fly ash size
(mm)
0.2% Yield
strength (MPa)
Young’s mod-
ulus (MPa)
1 75–106 9 1274
2 106–150 17 2562
3 150–250 34 3111
4 150–250 25 3119
5 150–250 30 3548
6 150–250 49 3768
7 150–250 64 3826
8 150–250 73 4125
9 150–250 75 4355compressive yield strength decreases from 75 to 64 MPa.
Generally, hollow particles have strength lower then the
matrix strength, therefore, a decrease in compressive
strength of the composite is observed with increase in
cenosphere volume fraction.
The stress–strain curves in Fig. 6 are for the composites
containing 65 vol.% of cenospheres of different size
(composites 1–3 in Table 2). The figure shows that the
yield strength decreases from 34 to 9 MPa as the cenosphere
size decreases from 150–250 to 75–105 mm. The higher
void content in composites containing smaller size ceno-
spheres may be responsible for this type of trend.
The stress–strain curves for composites 4–6 are shown in
Fig. 7. These composites have the same size cenospheres
(150–250 mm) but are synthesized at different infiltration
pressures as given in Table 2. It is observed that the
compressive yield strength is higher for composites
synthesized at higher infiltration pressures. This observation
is also related to a lower void content in the matrix at the
higher applied pressure. The composite infiltrated at
140 kPa have 8.1 vol.% void content which is almost
twice the void volume fraction in the composite infiltrated
at 275 kPa.
There is an additional factor related to the cenosphere
size and wall thickness that can cause some variations in0
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ash cenospheres have porosity entrapped in their walls [16],
which changes with particle size and wall thickness. It should
also be recognized that with a variation in the cenosphere
size, the porosity of the wall of cenospheres can also change.
Thicker walled or larger diameter cenospheres have higher
probability of having entrapped porosity in their walls.
This porosity would affect the mechanical properties of the
cenospheres and reflect in the mechanical properties of the
composite.4. Discussion
Al–fly ash composites are found studied in the published
literature for interfacial reactions between the molten Al
alloy and the constituents of fly ash. It is observed that SiO2
and Fe2O3, Fe3O4 and Mullite present in the fly ash readily
react with Al and form a network of a-Al2O3 particles
surrounded by Al or Si. A detailed TEM investigation of
these interfacial phases and their structures is carried out by
Sobczak et al. [17]. The interfacial reactions and the
products define the interfacial strength between the particles
and the matrix alloy and affect the properties of the
composites. However, the effect of interfacial strength is
more prominent on tensile and flexural properties. In
compressive tests, the fracture mode of the syntactic
foams is observed to be the crushing of cenospheres
followed by the collapse of the metal-matrix surrounding
it, leading to the structural densification. Hence, the
breakage of interfacial bonds may not significantly
influence the compressive strength.
Typical compressive stress–strain curves for A356/hol-
low fly ash composites and A356 alloy are shown in Fig. 5.
Compressive stress–strain curves for the composites
containing hollow particles show a linear elastic region
followed by a plateau (possibly representing collapse of
hollow particles), and then increase in stress, representing
densification of foam. Fig. 8 shows that the plateau
stress increases with increasing density of the composite.The plateau stress of a similar A7075-T6 syntactic foam
made by pressure infiltration of fly ash cenosphere [18] is
compared with that of the composite made in the present
study, showing that the former has a higher plateau stress
than the latter. This could be related to the higher strength of
the matrix alloy of A7075 (about 350 MPa) compared to
that of A356 alloy (about 240 MPa), which is used in the
present study. Plateau stress of some polymeric syntactic
foams made of epoxy resin and glass microballoons are also
shown in Fig. 8 for comparison [19]. Although polymeric
syntactic foams have much lower density compared to
A356–fly ash syntactic composites for the same strength,
their applications are limited because their strength can
rarely exceed 100 MPa and the service temperature range is
also much lower compared to metal-matrix syntactic foams.
Since, the stress plateau is possibly associated with the
collapse of hollow particles, the continued compression will
cause the cavity to be filled by the collapsing walls of
cenospheres and surrounding matrix materials. A micro-
structure of crushed cenospheres in an Al-alloy matrix is
shown in Fig. 9. Cenospheres were completely crushed
under compressive stress. The crushing process of ceno-
spheres enhances the energy absorption capabilities of
syntactic foams leading to better damage tolerance of these
materials. An increase in the plateau stress and a decrease in
the range of strain at the plateau stress are observed in Fig. 5
as the cenosphere volume fraction decreases in the syntactic
foams. This tendency is also observed in many different
foam materials, including polyurethane, polyethylene,
metallic foams and polymeric syntactic foams [20–22].
The plateau stress represents the onset of the mechanical
instability of composites containing hollow particles, and
therefore, is one of the important design factors for
cushions or impact mitigation. The plateau strain at
which the densification of particles is completed is also
important, since it is influenced by the energy absorbed in
crushing of cenospheres. It can be observed from Figs. 5–7
that a larger plateau strain range is likely to be attained by
increasing volume fraction of hollow particles in the
matrix. According to Hartmann et al. [6], the plateau stress
increases with increasing the wall thickness of hollow
Fig. 9. A micrograph showing general appearance of the microstructure of
A356–fly ash composite after compression test. Crushed fly ash particles
can be observed in the microstructure.
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microballoon filled polymeric syntactic foams also [19,23].
This is related to the fact that the load carrying capabilities
of hollow particles increase with increased wall thickness.
Therefore, composites with higher energy absorption may
be obtained by increasing the volume fraction of ceno-
spheres in the matrix and by increasing the wall thickness
of cenospheres.
The Young’s modulus of foams is primarily related to
their density; for syntactic foams the wall material and wall
thickness of hollow particles considerably influence the
mechanical properties. When the Young’s modulus of
ceramic filler particles is higher than that of the metallic
matrix alloy, the syntactic composite is expected to have a
higher modulus than that of foam materials having only
pores without particles. Nagal et al. [24] have also made
similar observations.
There have been extensive investigations of open cell
foams [25–27], for which there are validated scaling
relations between density, cell morphology and cell wall
properties. When foam is compressed, it initially deforms in
a linear-elastic manner, then reaches a plateau of defor-
mation at almost constant stress, and finally exhibits a
region of densification as the cell walls crush together. This
tendency is similar to that in composites containing hollow
particles shown in Fig. 4.
In composites containing hollow particles, the hollow
spaces inside the particles act as pores, which absorb energy
when crushed. In such composites, the cell morphology is
primarily controlled by the distribution and packing of
hollow particles. High packing density of particles and a
narrow range of particle size will provide more uniform cellmorphology than the foams made using foaming agents in
melts. From thermodynamic point of view, pores in the melt
tend to decrease their numbers and increase their size.
Hence, the pressure infiltration of hollow particle beds
presents an advantage since it leads to generation of
relatively uniform cell walls. This leads to more uniform
and improved mechanical properties in contrast to the
properties obtained in foam materials made using foaming
agents.
The effectiveness of a composite containing hollow
particles is likely to be evaluated in terms of the bending and
the axial stiffness. The mass of a beam of a given bending
stiffness can be minimized by selecting the material with the
maximum value of E/r2 for axial stiffness. Fig. 10 shows the
variation of E/r2 for the composites having 150–250 mm
size cenospheres plotted against the volume fraction of
cenosphere particles. The maximum value of E/r2 for the
composite up to 65% by volume is around
1850 MPa cm6 gK2. This figure shows that the values of
E/r2 increase with increased volume fraction of ceno-
spheres, and the values of E/r2 for fly ash containing
composites are higher than those for A356 alloy. In view of
this, higher volume fractions of cenospheres are expected to
allow the synthesis of materials with higher values of E/r2.5. Conclusions
1. This research demonstrates that A356–fly ash ceno-
sphere composites can be synthesized using gas pressure
infiltration technique over a wide range of reinforcement
volume fraction from 20 to 65%.
2. The densities of Al356–fly ash cenosphere composites,
made under various experimental conditions, are in the
range of 1250–2180 kg/m3 corresponding to the volume
fraction of cenospheres in the range 20–65%. The
density of composites increased for the same cenosphere
volume fraction with increasing melt temperature,
applied pressure, and the size of particles. This appears
P.K. Rohatgi et al. / Composites: Part A 37 (2006) 430–437 437to be related to a decrease in voids present near particles
by an enhancement of the melt flow in a bed of
cenospheres.
3. Microstructural observations showed occasional
presence of voids in regions where cenospheres were
very close to each other. The entrapped void content is
around 3% by volume for the highest applied pressure of
275 kPa.
4. The stress–strain curves of composites showed a stress
plateau region, which is commonly observed in foam
materials when pores are crushed during compression.
The composites containing fly ash cenospheres with a
density in the range of 1250–2180 kg/m3 exhibited
compressive yield strengths of 9–83 MPa.
5. The compressive strength, plateau stress and modulus of
the composites increased with the composite density.References
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